Obliterative bronchiolitis (OB) is a major cause of allograft dysfunction after lung transplantation and is thought to result from immunologically mediated airway epithelial destruction and luminal fibrosis. Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) have been implicated in the regulation of lung inflammation, airway epithelial repair, and extracellular matrix remodeling and therefore may participate in the pathogenesis of OB. The goals of this study were to determine the expression profiles of MMPs and TIMPs and the role of TIMP-1 in the development of airway obliteration using the murine heterotopic tracheal transplant model of OB. We demonstrate the selective induction of MMP-3, MMP-9, MMP-12, and TIMP-1 in a temporally restricted manner in tracheal allografts compared with isografts. In contrast, the expression of MMP-7, TIMP-2, and TIMP-3 was decreased in allografts relative to isografts during the period of graft rejection. TIMP-1 protein localized to epithelial, mesenchymal, and inflammatory cells in the tracheal grafts in a temporally and spatially restricted manner. Using TIMP-1-deficient mice, we demonstrate that the absence of TIMP-1 in the donor trachea or the allograft recipient reduced luminal obliteration and increased re-epithelialization in the allograft compared with wild-type control at 28 d after transplantation. Our findings provide direct evidence that TIMP-1 contributes to the development of airway fibrosis in the heterotopic tracheal transplant model, and suggest a potential role for this proteinase inhibitor in the pathogenesis of OB in patients with lung transplant.
(1-3). A better understanding of the pathogenesis of OB has been gained through the use of the heterotopic tracheal transplant model (5) (6) (7) . This model develops obliterative airway disease (OAD) that is histologically similar to the lesion observed in OB. Although the OAD that develops in the heterotopic tracheal transplant is not a perfect correlate of OB, similarities between the histopathology of OAD and OB are irrefutable.
Matrix metalloproteinases (MMPs) are a family of structurally related neutral proteinases that require zinc interactions in their catalytic domain for proper function (8) . In vitro, MMPs have the ability to degrade substrates of the extracellular matrix (ECM) and non-ECM components (8) . Collectively, MMPs can regulate multiple biological processes, such as organ morphogenesis, tumor metastasis, wound repair, inflammation, and innate immunity (8) (9) (10) . The pleiotropic functions of MMPs are tightly regulated through gene expression, compartmentalization to the pericellular environment, pro-enzyme activation, and enzyme inactivation (8) . An important mechanism of MMP regulation is provided by tissue inhibitors of metalloproteinase (TIMPs), which have been shown to block MMP proteolytic activity in vitro. TIMP-1, -2, -3, and -4 are structurally related molecules that have multiple biological activities (11) . Each inhibitor noncovalently binds to the MMP with 1:1 stoichiometry such that the amino-terminal domain of the TIMP occupies and blocks the substrate recognition site of the catalytic domain of the MMP (11) .
Chronic lung allograft dysfunction is thought to be the result of persistent low-grade inflammation leading to abnormal repair and excessive ECM accumulation along epithelial surfaces (2, 3, 12) . A dynamic balance between MMP and TIMP activity is postulated to be important in the regulation of inflammation, re-epithelialization, and wound healing. Therefore, it is not surprising to find differential expression of MMPs and TIMPs in the lungs of patients with OB (13) (14) (15) (16) (17) . For example, levels of MMP-9 and TIMP-1 are increased in the bronchoalveolar lavage fluid (BAL) recovered from patients with BOS (13) . This indirect evidence suggests that members of the MMP and TIMP gene families may make important contributions to the development of OB.
In this study, we report the selective induction of stromelysin-1 (MMP-3), gelatinase-B (MMP-9), macrophage metalloelastase (MMP-12), and TIMP-1 in a temporally restricted manner in heterotopically transplanted mouse tracheas. Furthermore, TIMP-1 protein localized to epithelial, mesenchymal, and inflammatory cells of tracheal grafts in distinct temporal patterns. To directly investigate the importance of TIMP-1 in the development of OAD, we analyzed luminal obliteration and airway reepithelialization of wild-type tracheas transplanted into TIMP-1-deficient mice and TIMP-1-deficient tracheas transplanted into wild-type mice compared with wild-type control mice. We observed that luminal obliteration was reduced and that reepithelialization of the airway increased after heterotopic tracheal transplantation when TIMP-1 was deficient in the donor or recipient compared with wild-type tracheas implanted into wild-type recipients. Our results provide direct evidence that TIMP-1 contributes to the development of OAD and may be a potential target for treatment in patients with OB.
MATERIALS AND METHODS

Laboratory Animals
TIMP-1 null (Ϫ/Ϫ) mutation and wild-type (TIMP-1 ϩ/ϩ) mice were bred from C57BL/6 (H2-b) mice heterozygous for a targeted disruption of exon 3 of the TIMP-1 gene (18) . TIMP-1-deficient mice have previously been backcrossed onto the C57Bl/6 strain for 10 generations. Balb/c (H2-d) mice were purchased from Jackson Laboratory (Bar Harbor, ME). The genotypes of wild-type and TIMP-1 Ϫ/Ϫ mice were confirmed by PCR analysis performed on DNA prepared from the tails of 3-wk-old animals as previously described (18) .
Heterotopic Tracheal Transplantation
All mice were specific pathogen-free males 8-12 wk of age. At least four mice were used for each group and time point. Under intraperitoneal Avertin anesthesia, donor animals were prepared, and a median sternotomy was performed. The trachea was explanted and placed in cold sterile saline as described previously (6) . A dorsolateral subcutaneous pocket was created in the recipient animal, and the donor trachea was heterotopically transplanted. Allograft transplants were performed by implanting tracheas from Balb/c mice into subcutaneous pouches of C57BL/6 recipient mice. Isograft transplants were performed using C57BL/6 mice as donors and recipients. Tracheas were recovered at Days 7, 14, and 28 after transplantation. After recovery, a 1-mm section from the middle of the trachea was removed, fixed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO), and embedded in paraffin. The remaining two outer tracheal sections were combined and snap frozen in liquid nitrogen and stored at Ϫ80ЊC before RNA isolation with TRIzol (Invitrogen, Carlsbad, CA).
Heterotopic tracheal transplants with TIMP-1 Ϫ/Ϫ mice were also evaluated. Allografts were performed with TIMP-1 Ϫ/Ϫ tracheas implanted into wild-type Balb/c recipients or wild-type Balb/c tracheas implanted into TIMP-1 Ϫ/Ϫ recipients and compared with wild-type allografts. Tracheas were recovered at Day 28 after transplantation, and a 1-mm section from the center of the trachea was removed and fixed in 4% paraformaldehyde for histologic examination.
All 
Morphologic Studies
Tissue sections were stained with hematoxylin and eosin (H&E). Digital photomicrographs of H&E-stained tracheal sections were produced with a Nikon E600 photomicroscope and MetaMorph 4.6 software. The images were downloaded and analyzed with ImageJ software (National Institute of Health, Bethesda, MD).
The percentage of luminal obstruction in transplanted tracheas was calculated by outlining the inner surface of the cartilage (a line was drawn connecting the two ends of the tracheal cartilage) and using the cursor to trace the inner surface of the residual lumen. The crosssectional area within the residual lumen was subtracted from the entire area contained within the cartilage. The percentage of luminal obstruction was calculated using the following formula:
In normal, unmanipulated tracheas, the respiratory epithelium and submucosa lie within the cartilaginous rings. Therefore, using this formula, normal tracheas demonstrate a baseline luminal obstruction value of ‫ف‬ 3%.
To determine the amount of re-epithelialization after transplantation, the linear distance of the original inner circumference of the trachea was determined. Areas of intact respiratory epithelium were traced, and the cumulative distance was measured. A percentage of the airway circumference that was lined by epithelium was calculated.
Quantitative Real-Time PCR
Steady-state mRNA expression was measured by quantitative real-time PCR using the ABI Prism 7900 sequence detection system (Applied Biosystems, Foster City, CA). In brief, total RNA was extracted from snap-frozen tracheas (TRIzol; Invitrogen), and the RNA quality was confirmed with an Agilent 2100 bioanalyzer (Agilent Technologies Inc., Palo Alto, CA). First-strand cDNA was synthesized with Superscript II (Invitrogen). Reaction volumes were 20 l with the following PCR conditions: 50ЊC for 2 min and 95ЊC for 10 min, followed by 40 cycles of amplification at 95ЊC for 15 s and 60ЊC for 1 min. Due to low expression levels of MMP-7, products were amplified for 50 cycles. cDNA created from total RNA isolated from the same isografts and allografts were used to determine the mRNA expression level for all the genes evaluated. All gene expression levels were normalized to levels of ␤-actin expression as an internal control. After normalization, there is no specific unit of measure, so the relative gene expression level was labeled as an arbitrary unit.
mRNA levels for ␤-actin; MMP-3, -7, -9, and -12; and TIMP-2, -3, and -4 were quantified using commercially available primer and probe sets (Assay-On-Demand, Applied Biosystems). TIMP-1 primers and probe were specially designed with Assay-By-Design (Applied Biosystems) to detect only wild-type TIMP-1 mRNA and not the truncated mRNA expressed by TIMP-1 Ϫ/Ϫ mice. TIMP-1 primer and probe sequences were as follows: forward primer 5Ј-CAGAACCGCAGT GAAGAGTTTC-3Ј, reverse primer 5Ј-GCTGCAGGCACTGATGTG-3Ј, and probe 5Ј-ATCACGGGCCGCCTAA -3Ј.
Immunohistochemistry
TIMP-1 immunohistochemistry was performed as previously described (19) . Antigen retrieval was performed on 5-m sections of mouse tracheal tissue using Target Retrieval Solution (DakoCytomation; Dako Corp., Carpinteria, CA) at 95ЊC for 20 min. Tissue sections were blocked for endogenous peroxidase activity and nonspecific protein. Sections were treated with affinity-purified goat polyclonal antibody to mouse recombinant TIMP-1 (1:40) (R&D Systems, Minneapolis, MN) followed by biotinylated donkey anti-goat antibody (1:400) (Jackson ImmunoResearch, West Grove, PA), which was visualized using an RTU Vectastain kit (Vector Laboratories, Burlingame, CA) and the Envision DAB kit (DakoCytomation). The sections were counterstained with hematoxylin. Digital photomicrographs were produced with a Nikon E600 photomicroscope and MetaMorph 4.6 software (Molecular Devices Corp., Sunnyvale, CA). The digitized images were processed with Adobe Photoshop for Windows 7.0 software (Adobe Systems, Inc., Mountainview, CA) using identical parameters for all images. As a negative control, serial sections were stained with irrelevant goat IgG of the same isotype.
Statistical Analysis
Data are reported as mean Ϯ SE. All statistical analyses were performed by the Mann-Whitney U test. Differences were considered significant at the P Ͻ 0.05 level.
RESULTS
Allografts Develop OAD after Heterotopic Tracheal Transplantation
Heterotopic transplantation of allografts resulted in the development of OAD. Luminal obliteration was readily apparent in allografts compared with isograft controls by Day 28 after transplantation ( Figures 1A and 1B) . Morphometry confirmed increased luminal obliteration in allografts compared with isografts at Day 14 (44% versus 16%, P Ͻ 0.05) and Day 28 (94% versus 15%, P Ͻ 0.0005), respectively ( Figure 1C) . A ciliated, pseudostratified columnar epithelium lined almost the entire lumen of the isograft by Day 28 after transplantation ( Figure 1A, inset) . In contrast, allografts were poorly re-epithelialized at Day 14 (27% versus 100%, P Ͻ 0.001) and Day 28 (0% versus 92%, P Ͻ 0.005) compared with isograft controls ( Figure 1D ). Thus, the mucociliary epithelium was effectively repaired, and the lumens did not obliterate in isografts, whereas the tracheal epithelium failed to regenerate, and luminal obliteration developed in allografts consistent with previous observations (7, 20) .
Expression of MMP-3, MMP-9, and MMP-12 Is Induced in Allografts versus Isografts after Heterotopic Tracheal Transplantation
To determine the temporal profile of expression for MMP-3 (stromelysin-1), MMP-7 (matrilysin), MMP-9 (gelatinase B), and MMP-12 (macrophage metalloelastase), we analyzed steadystate mRNA levels of isografts and allografts at Days 7, 14, and 28 after transplantation. Our data demonstrate the selective expression of MMPs in a temporally restricted manner after tracheal transplantation. The mRNA levels were increased in allografts compared with isografts for MMP-3 at Days 14 and 28 ( Figure 2A ) and for MMP-12 at Day 28 ( Figure 2B ). The mRNA levels of MMP-9 were increased several fold in allografts compared with isografts at Day 14 after transplantation ( Figure  2C ). Conversely, mRNA levels were decreased in allografts compared with isografts at Day 28 for MMP-9 ( Figure 2C ) and MMP-7 ( Figure 2D ). The steady-state mRNA levels of MMP-3, -7, -9, and -12 in isografts and allografts were greater than those of normal tracheas at all time points (Figure 2 ).
Expression of TIMP-1 Is Selectively Induced in Allografts Compared with Isografts after Heterotopic Tracheal Transplantation
The temporal profiles of expression for TIMP-1, -2, -3, and -4 were determined from total cellular RNA recovered from isografts, allografts, and normal tracheas. Our findings demonstrate the selective induction of TIMP-1 expression in allografts and TIMP-3 expression in isografts. In addition, we observed the selective suppression of TIMP-2 in allografts after transplantation. Steady-state mRNA levels for TIMP-1 were increased in isografts and allografts at Day 7 after transplantation ( Figure 3A) . However, by Day 14, mRNA levels for TIMP-1 remained elevated in allografts but decreased in isografts to the levels found in normal tracheas ( Figure 3A ). In contrast, steady-state levels of TIMP-3 mRNA were significantly elevated in isografts over allografts and normal tracheas at Days 14 and 28 after transplantation ( Figure 3B ). Furthermore, mRNA levels for TIMP-2 were decreased in allografts compared with isografts and normal tracheas at all time points ( Figure 3C ). TIMP-4 expression in allografts and isografts was undetectable at all time points (data not shown). Because expression of TIMP-1 was elevated in allografts compared with isografts after transplantation, we chose to further examine the contribution of TIMP-1 to the development of OAD.
To identify the location of TIMP-1 protein in the tracheal grafts, we performed immunohistochemistry on allografts, isografts, inflammatory cells ( Figure 4B ). By Day 28, the allograft epithelium was no longer identifiable, and TIMP-1 protein was localized to mesenchymal and inflammatory cells within the tracheal lumen and submucosa ( Figure 4C ). Our findings demonstrate the early and persistent presence of TIMP-1 in the allograft during the development of OAD.
TIMP-1 protein was also detected in the regenerated and differentiated ciliated columnar epithelium of isografts at Days 14 and 28 after transplantation ( Figures 4E and 4F ). This pattern of TIMP-1 staining in the re-epithelialized isografts was similar to that seen in the normal trachea ( Figure 4G ).
TIMP-1 Deficiency Increases Re-epithelialization and Abrogates the Development of OAD after Heterotopic Tracheal Transplantation
To determine whether the development of OAD was altered in the absence of TIMP-1, we measured re-epithelialization and luminal obliteration in wild-type allografts transplanted into TIMP-1-deficient compared with wild-type recipients. Allografts transplanted into TIMP-1 Ϫ/Ϫ recipients did not develop OAD at Day 28 after transplantation, unlike those transplanted into wild-type mice ( Figures 5A and 5B) . By morphometry, allografts transplanted into TIMP-1 Ϫ/Ϫ recipients had less luminal obliteration compared with allografts transplanted into wild-type recipients (31% versus 94%, P Ͻ 0.05) ( Figure 5C ). Re-epithelialization was increased in allografts transplanted into TIMP-1 Ϫ/Ϫ recipients compared with those transplanted into wild-type recipients (45% versus 0%, P Ͻ 0.05) ( Figure 5D ). In addition, allografts implanted into TIMP-1 Ϫ/Ϫ recipients had less submucosal thickening and inflammatory cell infiltration compared with wild-type recipients at Day 28 ( Figures 5A and 5B) . We did not observe a significant difference in luminal obliteration or re-epithelialization in allografts from wild-type recipients versus allografts from TIMP-1-deficient recipients at Days 7 and 14. Wild-type isografts transplanted into TIMP-1 Ϫ/Ϫ recipients underwent re-epithelialization with pseudo-stratified, columnar epithelium and did not develop luminal obliteration after 28 d, similar to isografts in wild-type recipients (data not shown).
To determine whether TIMP-1 deficiency in the donor trachea affected the development of OAD, we transplanted TIMP-1 Ϫ/Ϫ allografts into wild-type recipients. In contrast to wild-type tracheas, TIMP-1 Ϫ/Ϫ allografts did not develop OAD at Day 28 after transplantation into wild-type recipients ( Figures 6A and  6B ). Morphometric analysis revealed that TIMP-1 Ϫ/Ϫ allografts had decreased luminal obliteration compared with wild-type allografts (25% versus 94%, P Ͻ 0.05) ( Figure 6C ). Additionally, re-epithelialization was increased in TIMP-1 Ϫ/Ϫ allografts compared with wild-type allografts transplanted into wild-type recipients (18% versus 0%, P Ͻ 0.05). TIMP-1 Ϫ/Ϫ allografts also lacked the submucosal thickening and inflammatory cell infiltration seen in wild-type tracheas at Day 28 ( Figures 6A and 6B) . We did not identify a significant difference in luminal obliteration or re-epithelialization in wild-type versus TIMP-1 Ϫ/Ϫ allografts recovered from wild-type recipients at Days 7 and 14. TIMP-1 Ϫ/Ϫ isografts underwent re-epithelialization with pseudo-stratified, columnar epithelium and did not develop luminal obliteration after 28 d, similar to wild-type isografts (data not shown). Our findings indicate that TIMP-1 deficiency in the allograft or the recipient facilitates epithelial repair and prevents luminal obliteration.
DISCUSSION
The major goals of this study were to investigate the expression of MMPs and TIMPs in the heterotopic tracheal transplant model and to determine the role of TIMP-1 in the development of OAD. Our study is the first to provide direct evidence that TIMP-1 contributes significantly to the pathogenesis of OAD. We found that steady-state mRNA levels for MMP-3, MMP-9, and MMP-12 were selectively increased in the allograft. We demonstrated that TIMP-1 expression was induced in a temporally and spatially restricted manner in tracheal allografts and that increased expression of TIMP-1 correlated with the development of OAD. In contrast, the expression of TIMP-2 and TIMP-3 was markedly lower in tracheal allografts compared with isografts during the period of graft rejection. The decrease in luminal obliteration and mononuclear inflammatory cell accumulation and the increase in tracheal re-epithelialization in the absence of allograft or recipient TIMP-1 support the concept that TIMP-1 promotes the development of OAD. Furthermore, the detection of TIMP-1 in the epithelium of isografts at Days 14 and 28 after transplantation coincides with the regeneration of a mature mucociliary epithelium (5, 21) . The pattern of TIMP-1 expression in the restored isografts was similar to that found in normal tracheas. These observations suggest that TIMP-1 may play a homeostatic role in the fully differentiated pseudo-stratified airway epithelium and may function to limit proteolysis by MMPs that may persist after the completion of epithelial repair.
Our results show the selective expression of MMPs in a temporally restricted manner after tracheal transplantation and suggest that these MMPs may make distinct contributions to the pathogenesis of OAD in heterotopic tracheal transplants. Our finding of increased MMP-9 expression in tracheal allografts at Day 14 is in agreement with the MMP-9 expression profile reported by Fernandez and colleagues (22) . In that study, MMP-9 mRNA expression and enzymatic activity levels were increased at Days 10 and 20 of tracheal allograft rejection. Likewise, our observations of increased MMP-9 and TIMP-1 expression during the development of OAD in the heterotopic tracheal transplant model are consistent with those reported for BAL specimens of patients with BOS. Taghavi and colleagues demonstrated increased MMP-9 and TIMP-1 concentrations in the BAL recovered from patients with BOS compared with that recovered from lung transplant recipients who did not develop this complication (13) .
TIMP-2 mRNA expression was decreased in the allograft compared with the isograft at Days 7, 14, and 28, whereas TIMP-3 mRNA expression was increased in the isograft compared with allografts at Days 14 and 28. This selective difference in expression in TIMP-2 and TIMP-3 mRNA may suggest a protective role of TIMP-2 and TIMP-3 in the heterotopic tracheal transplant. TIMP-3 may be protective in the tracheal graft by preventing the release of cell-surface-bound TNF-␣, thus attenuating inflammation through the inhibition of a disintegrin and metalloproteinase-17, also known as TNF-␣-converting enzyme (23, 24) . TIMP-2 is interesting because it not only has the ability to inhibit MMPs in vitro but also is vital for the activation of MMP-2 (gelatinase A) in vivo (25) . Heterotopic tracheal transplantation into MMP-2-deficient mice failed to demonstrate protection from or acceleration in the development of OAD (22) . Therefore, we speculate that a protective role attributable to TIMP-2 would likely be due to MMP inhibition rather than increased MMP-2 activation.
Our histology results showed that TIMP-1 was expressed by mononuclear leukocytes, fibroblasts, chondrocytes, and airway epithelial cells in the tracheal allograft. These findings are consistent with previously published pulmonary sources of TIMP-1 (26) (27) (28) . In our model, TIMP-1 was derived from donor and recipient sources. Our findings demonstrated that the elimination of TIMP-1 from the donor trachea or the allograft recipient was sufficient to prevent the development of OAD.
Inhibition of OAD development has also been observed in tracheal allografts recovered from recipients with targeted disruption of the MMP-9 gene. Heterotopic tracheal transplantation into MMP-9 Ϫ/Ϫ recipients produced less mononuclear inflammatory cell infiltration, epithelial damage, and luminal occlusion of the allografts compared with those transplanted into wild-type recipients (22) . The abrogation of OAD in the absence of MMP-9 or its inhibitor, TIMP-1, presents a seeming paradox that suggests the underlying mechanisms are more complex than merely the stoichiometric inhibition of MMP activity.
The mechanism by which TIMP-1 deficiency protects the allograft from OAD has yet to be fully elucidated. Studies in the heterotopic tracheal transplant model have demonstrated that airway epithelial destruction is an important early event in the development of OAD (29) (30) (31) . Airway epithelial repair is dependent on matrix metalloproteinases to enable epithelial cell spreading and migration over the denuded basement membrane. For example, MMP-7 is prominently expressed by damaged airway epithelial cells and is required for epithelial repair (32) . MMP-9 is expressed in the advancing lamellipodia of migrating human bronchial epithelial cells and is postulated to regulate cell migration by remodeling the provisional ECM at contact points with the cell membrane (33) . Increased expression of TIMP-1 could inhibit MMP activity required for airway epithelial repair in the tracheal allograft, thus contributing to the development of OAD. In support of this concept, overexpression of TIMP-1 in keratinocytes has been shown to interfere with cutaneous wound healing by retarding epithelial cell migration over the wound (34) . In our study, TIMP-1 expression was selectively elevated in tracheal allografts compared with isografts during the second week after transplantation. Increased TIMP-1 expression coincides with the period of maximal epithelial cell proliferation in the allografts (5) . Moreover, TIMP-1 protein localizes to the airway epithelium and submucosa in close proximity to damaged epithelial cells of the allografts. Thus, TIMP-1 is present at the appropriate time and location to interfere with airway epithelial repair and facilitate the development of OAD. We attribute the increase in TIMP-1 mRNA expression in the allograft at Day 14 after transplantation to increased expression by epithelial, mesenchymal, and inflammatory cells of the allograft. However, by Day 28, the allografts had lost most of their epithelium, which likely represents the loss of an important source of TIMP-1. We speculate that it is this loss of the allograft epithelium that accounts for much of the decrease in TIMP-1 mRNA observed at Day 28, despite the persistence of TIMP-1 protein in mesenchymal and inflammatory cells.
TIMP-1 deficiency in the donor or recipient led to increased re-epithelialization of the tracheal allograft. However, airway re-epithelialization in the allograft was incomplete and undifferentiated at Day 28 after transplantation compared with isograft controls, which have a completely restored mucociliary epithelium. A potential explanation for the observed difference may be that decreased, but not eliminated, TIMP-1 expression prevents full restoration of the epithelium. Despite incomplete epithelial repair, TIMP-1 deficiency in the donor or recipient was sufficient to prevent mesenchymal cell migration and ECM deposition in the lumen.
Another potential mechanism by which TIMP-1 deficiency may prevent OAD is through enhanced ECM degradation. However, increased proteolysis of ECM components alone would not account for the marked reduction in inflammatory and mesenchymal cell infiltration of the tracheal lumen and submucosa observed when TIMP-1 was absent from the allograft or recipient. It is now increasingly recognized that the biological functions of MMPs extend beyond ECM remodeling. Indeed, gelatinase Bdeficient mice were protected from the development of OAD in the allograft potentially through the modulation of cytokines and chemokines (22) . Furthermore, TIMP-1 deficiency did not attenuate lung or renal fibrosis in mouse models of injury (19, 35, 36) . Thus, we feel that the protection from OAD observed in the heterotopic allografts of TIMP-1-deficient donors or recipients is mediated through more than just ECM degradation.
A third possible mechanism through which TIMP-1 deficiency may prevent the development of OAD is by modulating respiratory epithelium-specific homing signals. Bronchial epithelial cells express E-cadherin, which binds the integrin ␣E␤7 (CD103) present on 90% of CD8ϩ lymphocytes and 40% of CD4ϩ lymphocytes (37) . Thus, airway epithelial cell E-cadherin may affect allospecific T-cell homing through engagement of ␣E␤7 integrin. MMP-7 has been shown to mediate E-cadherin shedding from the surface of airway epithelial cells and through this mechanism could potentially suppress lymphocyte accumulation in the allograft (38) . TIMP-1 deficiency in the allograft could enhance proteolytic cleavage of E-cadherin to downregulate allospecific T-lymphocyte homing to the airway epithelium.
In conclusion, our study demonstrates that TIMP-1 is differentially expressed between tracheal isografts and allografts in a spatially and temporally restricted manner after heterotopic transplantation. Furthermore, TIMP-1 deficiency in the donor or the recipient is sufficient to prevent OAD at 28 d after transplantation. Our findings provide direct evidence that TIMP-1 plays an important role in the development of OAD in the heterotopic tracheal transplant model and suggest a potential role for this proteinase inhibitor in the pathogenesis of OB in patients with lung transplant.
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